Is has been claimed that auditory feedback mechanisms enable monitoring and calibration of feedforward commands in speech production. Therefore, lack of auditory feedback may interfere with adequate compensation strategies in perturbed situations. This study investigates the effect of hearing status and a lip tube perturbation on vowel production. Eleven normal-hearing controls, and seventeen cochlear implant (CI) users (7 prelingually, 10 postlingually) were recorded during the production of the vowel /u/. Acoustic and articulatory analyses were conducted with and without a 15-mm-diam tube inserted between the lips. Recording sessions were also made before and after the perturbation, with and without auditory feedback. Deaf participants' auditory feedback was provided by the CI and interrupted by switching off their implant devices. Separate analyses were conducted on the acoustic parameters (first formant, second formant, and fundamental frequency) and on articulatory parameters. Results revealed a main effect of group and an interaction between condition and hearing status. Together, results suggest that auditory feedback plays an important role in speech compensation.
INTRODUCTION
Hearing plays a crucial role in the development of the perception and the production of speech. In fact, language delays are often observed among the hearing impaired population. For individuals with profound bilateral sensory hearing loss, cochlear implants are available. These devices can partially restore hearing by converting auditory signals into electrical impulses that bypass missing or damaged cochlear hair cells and directly stimulate neurons of the auditory nerve.
Cochlear implant users show a large variability in performance on speech perception tasks, due to multiple factors such as age at deafness onset, duration of deafness, number of years wearing the implant, etc. (Hughes & Abbas, 2006; Peterson, Pisoni & Miyamoto, 2010; Xu et al., 2011) . The onset of deafness (either prelingual or postlingual) is one of the main factors that impacts speech production (Evans & Deliyski, 2007; Hunderink, Mens, Brokx, & van den Brock, 1995) . Prelingually deaf individuals have had no normal auditory experience of speech unlike postlingually deaf individuals. As demonstrated by acoustic analyses, the latter group has better phonetic control (Hocevar-Boltezar, Vatovec, Gros & Zargi, 2005) . Moreover, individuals who become profoundly deaf postlingually usually continue to produce intelligible speech for years after their hearing loss. It has been suggested that the robustness of feedforward commands (executed independent of sensory feedback) and somatosensory phonemic goals they acquired before deafness play major roles in this performance (Guenther, Ghosh & Tourville, 2006) .
The auditory feedback mechanism provides monitoring and calibration for articulation and the acoustic production of speech (Urbig et al., 2011) . Restricted auditory feedback negatively impacts the production of the segmental aspects of speech and the vocal parameters (e.g., fundamental frequency, changes in formant frequencies, variation in vocal intensity, and changes in resonance) of deaf individuals. A significant advantage of studying deaf speakers who use a cochlear implant is that auditory feedback can be easily turned off by switching off these devices. Studies have reported that the production of speech was significantly altered when individuals turned off their cochlear implants compared to when these devices were left on (Matthies et al., 2008; Ménard et al., 2007; Lane, Matthies, Perkell, Vick & Zandipour, 2001) .
Speech production can be altered by modifying auditory feedback or vocal-tract geometry. Artificial perturbation of speech can be induced when a lip tube is inserted between the lips. By changing vocal-tract geometry, a lip tube affects the constriction zone. This provides an opportunity to evaluate compensation strategies that are used in perturbed-speech situations. It also provides information about the internal representation of vowel production used in controlling the vocal apparatus (Ménard, Perrier, Aubin, Savariaux & Thibeault, 2008; Savariaux, Perrier & Orliaguet, 1995) . Studies have suggested that compensations that occur after a perturbation usually take time and require learning.
To the best of our knowledge, studies involving experiments with deaf speakers using a lip tube have so far only investigated speech production quality by examining acoustic parameters. Ultrasound imaging provides an opportunity to evaluate articulatory strategies by measuring tongue shape and position during a speech production task (see Ménard et al., 2011) . Furthermore, unlike electromagnetic midsagittal articulography, ultrasound imaging does not damage cochlear implants. The current study aimed to compare strategies for a speech production task used by individuals with normal hearing versus individuals with cochlear implants. Acoustic and articulatory measures were obtained during perturbed and nonperturbed speech conditions with and without auditory feedback.
METHODS

Participants
Seventeen adults who were experienced cochlear-implant users (mean [SD] (Peterson et al., 2010) . The clinical profiles of the cochlear-implant users are shown in Table 1 . All participants with normal hearing had speech detection thresholds below 25 dB HL at every frequency, and they did not report any speech problems. Pure tone detection thresholds were assessed at frequencies of 250 Hertz (Hz), 500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz using an adaptive method with supra-auricular earphones for the normal-hearing group and free-field listening conditions for the cochlear-implant group. None of the participants had a learning disability or a known medical condition. 
Materials and Procedure
The procedure was based on the one used in an experiment with bite blocks and English-language speakers who had cochlear implants (Lane et al., 2001) . Participants in the current study were asked to produce the isolated French vowel /u/ in six conditions: pre-perturbed conditions (before insertion of the lip tube) without auditory feedback (condition 1) or with auditory feedback (condition 2); perturbed conditions (with the lip tube inserted between the lips), without auditory feedback (condition 3) and with auditory feedback (condition 4); and post-perturbed conditions (after removal of the lip tube) without auditory feedback (condition 5) and with auditory feedback (condition 6). The instructions to the participants were similar to those provided to adult subjects in studies by Ménard et al. (2008) and Savariaux et al. (1995 Savariaux et al. ( , 1997 . Throughout the perturbed speech utterances, the experimenter reminded the subjects that the target was the French vowel /u/. The order of the six conditions was similar for each participant. Subjects produced 20 repetitions of /u/ for each condition. The participants were told that they were not allowed to speak between conditions, from the beginning until the end of the recording session. That instruction was especially important between conditions 4 and 5, since we did not want participants to compensate before beginning the next part of the experiment. For the cochlear-implant-user group, the auditory feedback was turned off by switching off the processor of their devices. For the normal-hearing group, a high-intensity white-noise background was presented binaurally through intra-auricular earphones.
Acoustic recordings of the French vowel /u/ were made using a high-quality microphone (AudioTechnica). The Sonosite 180Plus ultrasound system was used to synchronously record images of the articulatory movements of the tongue. This noninvasive technique has been shown to be very suitable for phonetic studies. A head-probe stabilization system from Articulate Instruments Ltd. was used to prevent movement of the subject's head relative to the ultrasound probe. This stability ensured that the resulting tongue images were in similar head-based coordinate systems across all conditions. Images were digitized using a digital camera at a rate of 29.97 images per second (the standard National Television Standards Committee rate).
As suggested by Ménard et al. 2008 , a Plexiglas lip tube that was 1.5-cm long and 2.0-cm in diameter was used to create the perturbed-speech condition. The diameter and length were chosen based on the variable linear articulatory model (VLAM), an articulatory-to-acoustic model described by Ménard et al. 2011 (Goldstein, 1980 . As described in that paper, insertion of the lip tube induces a larger space between the lips but prevents protrusion of the lips. Formant 1 (F1) and formant 2 (F2) values are sensitive to constriction area and length. Increasing the lip area by inserting a lip tube increases F1 and F2 values if the speaker does not compensate for this. Completely successful compensation results in comparable F1 and F2 values in the perturbed speech condition compared to the normal, pre-perturbed speech condition.
Data Analysis
Acoustic Data. All vowels were digitized at a rate of 44,100 Hz with 16-bit quantization. The fundamental frequency (F0) and the first (F1) and second (F2) formant frequency values were extracted for each vowel at the vowel midpoint using a linear predictive coding algorithm integrated in the PRAAT speech analyzer (Boersma & Weenink, 2007) .
Articulatory Data. Ultrasound images of the tongue at the vowel midpoints were imported into Adobe Premiere. Tongue contours were extracted using a semiautomatic detection method described by Li et al. (2005) . The resulting 100-point sagittal tongue contours were exported to an internally developed Matlab application, Lingua, which extracts several parameters that quantify tongue contours (Ménard, Aubin, Thibeault & Richard, 2012) . In general, five parameters can be used to characterize the articulatory movement of the tongue: two measures of tongue position (x and y coordinates of the highest point of the tongue), and three measures of tongue shape (angular measures, tongue curvature degree, and tongue curvature position). In the current paper, only the x and y values of the highest point of the tongue are reported.
Intelligibility Test. To determine the extent to which subjects successfully compensated for lip-tube speech perturbation when producing the target vowel /u/, an intelligibility test was administrated to a group of 12 French-speaking adults with normal hearing. These participants were not the same as those being part of the production test of the study. A subset of the produced vowel was used as a stimulus for the perceptual test. For each individual, the first two vowels produced in the non-perturbed conditions (conditions 1, 2, 5, and 6) were used, and the first and the last two vowels produced in the perturbed conditions (conditions 3 and 4) were used, for a total of 442 stimuli (Ménard et al., 2008) . Those data are not discussed in this paper.
Statistical Analysis
Acoustic Data. Three separate, repeated measures of analysis of variance (ANOVA) were conducted on F0, F1, and F2 values at the vowel midpoint, with the speaker group (normal hearing, prelingually deaf cochlear-implant user, and postlingually deaf cochlear-implant user) as the between-subject factor, and the experimental condition (pre-perturbation, perturbation, post-perturbation), hearing status (cochlear implant off or on), and trial number (first trial or last trial) as the within-subject factors. This last factor was used to evaluate the variation in formant values within a given condition before and after the 20 trials during which the participant used auditory feedback (if any) to recalibrate his or her internal model. Within-subject effects were reported using a Greenhouse-Geisser correction. For post-hoc analyses, confidence intervals were adjusted for multiple comparisons with least significant difference corrections. Results for which p values were less than .05 (i.e., were significant) were reported. Statistical analyses were performed using Statistica 8.0 (StatSoft Inc.).
Articulatory Data. Two separate repeated-measure ANOVAs were conducted with x and y values of the highest point of the tongue as the dependent variables, and with the same between-subject factor and within-subject factors as those used for the statistical analyses of the acoustic data, and the statistical analyses were conducted in the same way (described above).
RESULTS
Acoustic Results
The mean F0, F1, and F2 values for each group are shown in Table 2 .
F0 values. The ANOVA of F0 values showed that there was a significant interaction between condition and hearing status F(2,44) = 13.17, p < .01, and there was a significant main effect on condition F(2,44) = 10.34, p < .01. Post-hoc statistical analyses of the interaction showed that F0 values were increased in the perturbed condition when the implant was off, revealing that active control of F0 values was used to reach the acoustic-perceptual targets associated with the vowel /u/.
F1 values. The ANOVA of F1 values showed two significant interactions-between hearing status and group F(2,24) = 3.6375 p < .05 and between trial number and group F(2,24) = 3.8484 p <.05-and a significant main effect on hearing status F(1,24) = 6.6178, p <.05. Post-hoc statistical analyses of the first interaction indicated that significant differences between the cochlear-implant off and the cochlear-implant on conditions were present only for the prelingually deaf cochlear-implant-user group, revealing a main effect of the auditory feedback on the F1 values for that group. Post-hoc statistical analyses of the second interaction revealed a difference that almost reached significance (p = .057) between the first and last trial for the prelingually deaf cochlear-implant-user group only, regardless of condition or hearing status, revealing a considerable learning effect within a given condition for that particular group.
F2 values. The ANOVA of F2 values showed there was a significant interaction between condition, hearing status, and trial number F(2,46) = 5.0174 p < 0.05, and a significant main effect of group F(2,23) = 5.7097, p < .05. Post-hoc statistical analyses of the interaction showed that regardless of group or whether the cochlear implant devices were on or off, subjects showed alterations of F2 values in the perturbed condition. F2 values were increased after removal of the lip tube (perturbed condition) compared to the preperturbed condition, suggesting that the perturbation altered the articulatory-to-acoustic relationship to some extent. 
Articulatory Results
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Proceedings of Meetings on Acoustics, Vol. 19, 060100 (2013) Page 5 The ANOVA of the x values at the highest point of the tongue showed that there was a significant interaction between condition, hearing status, trial number, and group F(4,32) = 2.68, p < .05, and a significant interaction between condition and group F(4,32) = 3.82, p < .05. Post-hoc statistical analyses of the interaction indicated that, compared to the normal-hearing and the postlingually-deaf groups, the prelingually-deaf participants moved the tongue forward. The other groups either had relatively stable tongue positions or they moved their tongues back to compensate for the insertion of the lip tube. The ANOVA of the y values of the highest point of the tongue did not show any significant interaction of the main effect, (i.e., the y values of the tongue were similar for all groups, for the different conditions and hearing status).
DISCUSSION
The present study aimed to compare strategies used by participants with normal hearing versus deaf participants with cochlear implants, during a speech production task in a perturbed-speech condition (when a lip tube was inserted). We obtained acoustic and articulatory measures during perturbed and nonperturbed conditions with and without auditory feedback. Previous studies of acoustic data during these conditions have revealed few group differences. In the current study, F0 values increased in the perturbed condition for the normal-hearing group and for the cochlear-implant group when their implants were off, revealing that active control of F0 values was used to reach acoustic-perceptual targets. These findings agree with those of other studies (Savariaux et al., 1995; Ménard et al., 2007) , where an increase in F0 values was often observed in perturbed conditions. This acoustic change would be used by participants to modify the acoustic template associated with the perceived French vowel /u/.
For F1 values, the current study found significant differences between conditions when the cochlear implant was off or on, for the pre-lingually-deaf group only. This suggests that the impact of auditory feedback was more pronounced for that group. That might be due to a lack of any normal auditory experience of speech. Consequently, these individuals might not have any internal representation of vowel production, and thus, they may depend more on auditory feedback to produce speech. Moreover, this group presented the greatest differences between the first and last trial within a given condition, regardless of the condition and hearing status. The intelligibility test results will tell us more about the learning effect and whether it led to a better pronunciation of the vowel /u/. No significant difference in F1 values was obtained between conditions for all groups.
Finally, the acoustic data indicated that overall, subjects showed alterations of F2 values in the perturbed condition, with the cochlear implant on or off. F2 values increased after removal of the lip tube (post-perturbed condition) compared to the pre-perturbed condition, suggesting that the perturbation altered the articulatory-to-acoustic relationship to some extent. Results from the intelligibility test are being evaluated in ongoing study. Then the acoustic and articulatory data will be analyzed in light of the intelligibility test results. This will show if the different strategies used by these study participants led to a good perceptual product and if they were well understood.
